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A B S T R A C T
Dust deposition is an important source of phosphorus (P) to many ecosystems. However, there is little evidence
of dust-derived P-containing minerals in soils. Here we studied P forms along a well-described climatic gradient
on Hawaii, which is also a dust deposition gradient. Soil mineralogy and soil P forms from six sites along the
climatic gradient were analyzed with bulk (X-ray diffraction and P K-edge X-ray absorption near edge structure)
and microscale (X-ray fluorescence, P K-edge X-ray absorption near edge structure, and Raman) analysis
methods. In the wettest soils, apatite grains ranging from 5 to 30 µm in size were co-located at the micro-scale
with quartz, a known continental dust indicator suggesting recent atmospheric deposition. In addition to co-
location with quartz, further evidence of dust-derived P included backward trajectory modeling indicating that
dust particles could be brought to Hawaii from the major global dust-loading areas in central Asia and northern
Africa. Although it is not certain whether the individual observed apatite grains were derived from long-distance
transport of dust, or from local dust sources such as volcanic ash or windblown fertilizer, these observations offer
direct evidence that P-containing minerals have reached surface layers of highly-weathered grassland soils
through atmospheric deposition.
1. Introduction
Phosphorus (P) is an essential element for all forms of life, and P
availability is thus an important driver of ecosystem function and
productivity (Westheimer, 1987). Phosphorus enters the terrestrial
biosphere through soils, and the availability of P in soils is largely a
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function of its chemical form. In unmanaged ecosystems, P is released
to soils by the weathering of apatite (e.g. fluoroapatite: Ca10(PO4)6F2)
from parent material, and is then incorporated into organic matter,
adsorbed to soil particles, or precipitated as secondary phosphate mi-
nerals (Walker and Syers, 1976). In highly weathered soils, apatite from
the parent material has been dissolved, and P is chiefly found in organic
forms or associated with aluminum and iron oxides (Helfenstein et al.,
2018; Prietzel et al., 2013).
Along with weathering of underlying rock, aeolian dust may provide
a significant P input to unmanaged ecosystems (Bristow et al., 2010;
Swap et al., 1992). The major global origins of dust are the deserts of
Africa, the Middle East, and central Asia (Rea, 1994; Wiacek et al.,
2010). For example, Bristow et al. (2010) calculated that approximately
22 Mt of dust are imported from the Sahara Desert to the Amazon Basin
annually. Based on the amount of P in the dust from dust traps
(0.59–0.94 g P kg−1 dust), the average P input in the Amazon Basin is
around 0.12–0.42 kg P ha−1 yr−1 (Bristow et al., 2010), which in
strongly weathered soils may exceed the annual resupply of available P
from continued weathering (Chadwick et al., 1999). In recent decades,
atmospheric P loading has increased due to increased combustion of
fossil fuels and land cover change (Wang et al., 2015). Though it is well
known that P from dust may play an important role in ecosystem pro-
ductivity (Chadwick et al., 1999; Eger et al., 2013; Gu et al., 2019; Okin
et al., 2004), apatite dust has not been directly observed in highly-
weathered soil environments, from which parent material-derived
apatite has weathered away.
The Kohala climatic gradient on the Hawaii archipelago provides a
steep gradient in mean annual rainfall from 250 to 3200 mm, while
other state factors such as parent material and age remain similar
(Chadwick et al., 2003; Vitousek and Chadwick, 2013). On this
150,000 year old lava flow, soils have developed into a wide range of
soil types ranging from near-neutral pH soils retaining characteristics of
the parent material on the arid end, to highly-weathered, acidic, or-
ganic matter-rich soils on the humid end (Chadwick et al., 2003;
Helfenstein et al., 2018). Since most atmospheric dust is deposited
through rain (Jackson et al., 1971), the climatic gradient also represents
a dust input gradient, with the highest dust inputs on the wet end of the
gradient (Kurtz et al., 2001; Porder et al., 2007).
The development and application of spectroscopic methods (X-ray
absorption near edge structure (XANES) spectroscopy, infrared spec-
troscopy, Raman spectroscopy, and 31P nuclear magnetic resonance
(NMR) spectroscopy) provide powerful alternatives to chemical ex-
traction methods commonly used to study inorganic and organic soil P
compounds (Doolette and Smernik, 2011; Hesterberg, 2010; Kizewski
et al., 2011; Kruse et al., 2015; Vogel et al., 2016). However, spectro-
scopic techniques have limitations arising from detection limit issues,
spectral similarities between P bonding environments despite differing
molecular structures, and various methodological limitations unique to
each individual approach (Kruse et al., 2015). Consequently, detection
and identification of P forms in soils using bulk spectroscopic techni-
ques has been limited to describing general trends such as shifts from
calcium associated P (Ca-P) to aluminum associated P (Al-P) or iron
associated P (Fe-P) (Eriksson et al., 2016; Prietzel et al., 2013). How-
ever, micro-spectroscopy approaches have the potential to identify in-
dividual P forms that may be masked in a bulk spectrum, as well as to
study the spatial co-location of P forms in relation to other elements and
soil minerals. For example, micro-XANES coupled with microscale X-
ray fluorescence (micro-XRF) can be used to probe P forms while pre-
serving soil physical structure and allowing direct observation of as-
sociations with elements such as Al and Ca (Lombi et al., 2006; Rivard
et al., 2016; Vogel et al., 2016, 2018; Liu et al., 2017; Werner et al.,
2017; Hesterberg et al., 2017; Adediran et al., 2020). Also, micro-
Raman spectroscopy is able to identify both apatite and quartz (Vogel
et al., 2013); the latter is an established dust-derived mineral not pre-
sent in parent material on Hawaii. Hence these two micro-spectroscopic
techniques could help reveal the importance of dust-derived apatite in
soil.
The aim of this study was to identify P species across a climate and
dust input gradient, by evaluating bulk- and microscale P speciation.
Particular attention was given to contrasts between A (surface) and B
(subsurface) soil horizons to provide a better understanding of aeolian P
input to Hawaiian ecosystems. First, we analyzed soil mineralogy and
bulk soil P speciation. Second, we performed microscale P K-edge
XANES (micro-XANES) to identify P forms in relation to other elements
(Al and Ca), and to determine if micro-spectroscopy reveals apatite
grains not apparent in bulk spectra. Thirdly, micro-Raman spectroscopy
was used to identify collocated quartz and apatite, as evidence for a
dust deposition layer. And lastly, we used the micro-spectroscopic data
to parametrize a dust transport and deposition model, in order to cal-
culate backward trajectories of trans-continental dust particles and
speculate on the provenance of dust found on Hawaii.
2. Materials and methods
2.1. Site description, soil sampling, and soil analysis
The soils along the Kohala climatic gradient have been extensively
described in previous works (Chadwick et al., 2003; Helfenstein et al.,
2018; Vitousek and Chadwick, 2013; Siegenthaler et al., 2020). In brief,
mean annual precipitation on the leeward side of the Kohala volcano
increases from around 250 mm at the coast to around 3200 mm at circa
1060 m above sea level (Giambelluca et al., 2013). Though the climate
gradient also has a temperature component (since temperature de-
creases with increased elevation), precipitation is the primary driver of
soil processes and microbial and plant community structure along the
climosequence (Chadwick et al., 2003; Peay et al., 2017; Vitousek and
Chadwick, 2013). Samples of soil A and B horizons were taken from six
sites in three soil process domains, as described by Vitousek and
Chadwick (2013), along the Hawi lava flow on the Kohala volcano,
Hawaii. Two sites were in an arid climate regime (sites 1 and 2, with
275 and 316 mm mean annual precipitation), while two were in an
intermediate, subhumid climate regime with dry and wet cycles (sites 3
and 4, with 1340 and 1578 mm mean annual precipitation). Finally,
samples were taken from two mostly humid sites (sites 5 and 6, with
2163 and 3123 mm mean annual precipitation). Further sampling de-
tails are discussed in Helfenstein et al. (2018), and additional in-
formation on the sites can be found in Table S1. Soils at the arid sites (1
and 2) are classified as Clayey-skeletal, isotic, isohyperthermic Sodic
Haplocambids or medial-skeletal, ferrihydritic, isohyperthermic Typic
Haplotorrands, depending on the exact values of density, oxalate ex-
tractable Fe and Al, and P sorption parameters (see Chadwick et al.
(2003) for details). Soils at subhumid sites (3 and 4) are classified as
medial, ferrihydritic, isothermic Andic Haplustolls or medial, amorphic,
isomesic Humic Haplustands, depending on the expression of a Mollic
epipedon and Andic properties. Soils at humid site 5 are classified as
Medial, amorphic, isomesic Hydric Fulvudands, and those at humid site
6 are classified as Medial, amorphic, isomesic Hydric Fulvudands and
Alic Epiaquands, depending on subtle differences in landscape curva-
ture. In addition, fresh parent material samples were taken from a road-
site cut on the arid end of the climate gradient.
Soil pH was measured in water using a soil:solution ratio of 1:2.5
and 24-h equilibration time (FAL et al., 1996). Total C and N were
measured on bulk soil samples with an elemental analyzer (Vario Pyro
Cube, Elementar GmbH, Hanau, Germany). The total contents of P, Si,
Al, Fe, Ca were analyzed by energy-dispersive X-ray fluorescence
spectrometry (XRF; XEPOS, Spectro, Kleve, Germany) using pellets
prepared from 4 g of soil and 0.9 g of an amide wax (N,N′-Bisstear-
oylethylenediamide, Licowax C, Clariant). Soil elemental analysis re-
sults are displayed in supplementary Table S2.
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2.2. X-ray diffraction analysis
The mineralogy of the soils and parent material was characterized
by powder X-ray diffraction (XRD). Samples were finely ground using a
McCrone Micronizing Mill (McCrone Scientific Ltd, London, UK) and
homogeneously packed into powder sample holders. The samples were
analyzed on a Bruker D8 Advance diffractometer using Cu Kα1,2 ra-
diation and a high-resolution energy-dispersive 1D detector (Bruker
AXS GmbH, Karlsruhe, Germany). The data were collected in Bragg-
Brentano geometry from 4° to 70°2θ with 0.02°2θ steps and 10 s ac-
quisition time per step. For the determination of “amorphous” matter
contents, X-ray diffractograms were also collected after mixing pow-
dered samples with 33% w/w crystalline corundum powder (Al2O3) as
an internal standard. The diffractograms were analyzed with Rietveld
quantitative-phase analysis using TOPAS Version 5 (Bruker
DIFFRAC.SUITE). Because the X-ray “amorphous” fraction of the soils
can contain both organic matter and amorphous or poorly-crystalline
inorganic material, the concentration of organic matter, determined by
measuring organic C and multiplying by a factor of two (Pribyl, 2010),
was subtracted from the amorphous fraction to approximate the con-
centration of amorphous or poorly-crystalline inorganic matter.
2.3. Phosphorus K-edge bulk-XANES spectroscopy
Bulk Phosphorus K-edge XANES spectroscopic measurements of all
soil samples were carried out at two different synchrotron facilities –
Stanford Synchrotron Radiation Lightsource (SSRL) at SLAC National
Accelerator Laboratory in California, United States and Berlin Electron
Storage Ring Society for Synchrotron Radiation (BESSY II) at
Helmholtz-Zentrum Berlin (HZB), Germany. At beamline 14–3 of the
SSRL, incident beam energy was selected using a Si(111) double-crystal
monochromator, and storage ring current was 495–500 mA in top-up
mode. P K-edge XANES spectra were measured in fluorescence mode
using a Vortex Si-drift solid-state detector (Canberra) in a helium at-
mosphere from 2130 eV to 2200 eV in steps of 0.2 eV at room tem-
perature; sample preparation and data collection were conducted as
described in Massey (2019). Monochromator energy calibration was
achieved by setting the top of the K-edge peak of the lazulite XANES
spectrum to 2153.5 eV
At BESSY II, measurements were conducted in the High Kinetic
Energy Photoelectron Spectrometer (HIKE) endstation (Gorgoi et al.,
2009) located at the KMC-1 beamline (Schaefers et al., 2007). The ring
was operated in top-up mode with a beam current of 280 mA. Like at
SSRL, this beamline also uses a Si (111) double-crystal mono-
chromator. P K-edge XANES spectra were measured in fluorescence
mode using a Si-drift detector, XFlash® 4010 (Bruker, Berlin, Germany)
from 2130 eV to 2200 eV in steps of 0.25 eV at room temperature.
Monochromator energy was calibrated against the first derivative
maximum of β-tricalcium phosphate at 2152.0 eV.
Phosphorus K-edge XANES spectra were analyzed using the pro-
gram Athena, part of the Demeter software package version 0.9.24
(Ravel and Newville, 2005). The E0 edge energy was chosen as the
maximum of the first derivative of the data. Spectra were background-
corrected using a linear regression fit through the pre-edge region (−18
to −8 eV relative to E0) and a polynomial regression fit through the
post-edge region (E0 + 30 to +47 eV). The features of the P K-edge
XANES spectra were compared qualitatively to reference spectra of
various P compounds (Fig. S1a top and Fig. S2). The features at the
following energies were used for identification and are marked in Fig.
S1a: Ca-P – peaks at 2155.5 eV, 2163 eV and 2170 eV, Al-P – strong
peak at 2171 eV, Fe-P – pre-edge peak at 2149.5 eV and organic/ad-
sorbed P – none clear feature after the edge.
2.4. Phosphorus K-edge micro-XANES spectroscopy
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nearly each soil sample (see Table 1) at: the ID21 X-ray microscopy
beamline ((Cotte et al., 2017); beam size 0.7 × 1.2 µm2) at the Eur-
opean Synchrotron Radiation Facility (ESRF); the LUCIA beamline
((Vantelon et al., 2016); beam size 5 × 5 µm2) at the Synchrotron
Soleil; and, at beamline 14–3 at SSRL (beam diameter ~2 µm). Mono-
chromator energy was calibrated against the first derivative maximum
of β-tricalcium phosphate at 2152.0 eV at ESRF and Soleil, respectively,
and lazulite at 2153.5 eV at the SSRL. At ESRF and Soleil, measure-
ments were performed at room temperature and under vacuum
(10−2 mbar), while at SSRL measurements were conducted in a helium
atmosphere. First, two-dimensional micro-XRF elemental maps (ran-
ging from 106 × 112 µm2 to 300 × 300 µm2) were collected above the
P K-edge by raster scanning the sample with respect to the X-ray beam
with a step size of 0.7–5 µm, depending on beam geometry. Afterwards,
finer micro-XRF maps were collected from interesting map regions. On
selected points of interest, P K-edge micro-XANES spectra were col-
lected from 2130 to 2200 eV with 0.2–2 eV energy steps. All mea-
surements were performed by collecting the fluorescence signal, using a
Si-drift detector. To optimize the discrimination of the various XRF line
contributions, the XRF spectra from ESRF and Soleil were batch fitted at
each map pixel using the PyMCA software (Solé et al. 2007). At the
SSRL the software Sam Webb's SMAK (Sam's Microanalysis Toolkit;
Webb, 2011) was used for fitting and image processing. The P K-edge
XANES spectra were processed using the normalization and analysis
procedures implemented in Athena (Ravel and Newville, 2005; see 2.3).
2.5. Micro-Raman spectroscopy
Micro-Raman spectroscopy analysis was performed on each soil
sample using a Horiba LabRAM HR800 Raman microspectrometer
equipped with a green 532 nm laser, 600 g/mm grating and a ther-
moelectrically cooled CCD operated at −60 °C. The spectrometer was
calibrated using the 520.5 cm−1 band from a silicon wafer. Soils were
pelleted to provide a flat sample surface and a 50× objective was used
to focus the laser onto the sample. The power of the laser was ca. 3 mW
at the sample surface, and the Raman scattered light was collected in a
back-scatter geometry. Two independent maps of 150 × 120 µm2 were
acquired from each sample with 5 µm steps, and the samples were
exposed to the laser for 10 s prior to spectral acquisition to decrease the
effect of the high fluorescence background in soil. Typical acquisition
times were 12 accumulations of 5 s integrations (for a total of 60 s per
final spectrum), depending on the sample. The grating was fixed to
center at 1050 cm−1 throughout spectrum acquisition. Random spikes
due to cosmic rays were removed as part of the process of accumulating
and combining multiple spectra.
The acquired data (spectra and maps) were processed using the
LabSpec 6 software. All spectra were pre-processed by truncating to
1800–250 cm−1, de-noising and by baseline correction by a 7° poly-
nomial function, before being normalized to the broad background
fluorescence intensity between 1350 and 1000 cm−1. Regions with
significant Raman features above the fluorescent background were
identified by screening each pixel; extracted spectra were compared to
reference spectra on the RRuff database (Lafuente et al., 2016) to
identify the mineral. Maps were generated by integrating the area
under the most intense peak identified for each mineral.
2.6. Backward trajectories of dust particles
The LAGRANTO Lagrangian analysis tool (Sprenger and Wernli,
2015) was used to calculate air parcel trajectories, using horizontal and
vertical wind data from forecast models. The tool used meteorological
data from ERA-Interim (Dee et al., 2011), produced by the European
Centre for Medium-Range Weather Forecasts (ECMWF).
Trajectories of 4 µm dust particles were calculated by adding the
sedimentation of dust particles to the vertical movement of air in the
calculation of air parcel and dust trajectories. Four µm was chosen for
dust deposition modeling because it is representative of both com-
monly-deposited dust particles on Hawaii, and of the smaller dust
particles observed in this study (Jackson et al., 1971). The terminal
sedimentation velocity was calculated using Stokes’ equation. Back-
wards dust particle trajectories were calculated using a 14-day time-
frame, starting close to the Kohala sampling location (20oN, 155oW)
and 8 nearby locations ( ± 0.5° in latitude and longitude) every 6 h
starting from 1 January 2007 to 31 December 2017 at 5 pressure levels
(500, 600, 700, 800, 900 hPa). Trajectories originating from potential
desert areas were then identified. The liquid water content of the ERA-
Interim data was also used to distinguish whether the air parcel en-
countered clouds and precipitation, which could scrub the mineral
aerosols from the air parcel.
3. Results
3.1. Soil mineralogy and P minerals
According to the XRD analyses, soil from arid sites still contained
primary minerals (e.g., plagioclases, apatite) likely derived from the
abundant coarse fragments in these shallow, skeletal soils. By contrast,
soils from humid sites were composed entirely of “amorphous” or
poorly-crystalline secondary-minerals like oxides, organic matter, and
dust-derived minerals such as quartz. Differences in soil mineralogy
between sites and horizons within the same domain were small com-
pared to differences between soil samples from different domains
(Fig. 1), as predicted by Vitousek and Chadwick (2013). Parent material
samples were composed primarily of plagioclases, alkali feldspars, and
pyroxenes with 56 g kg−1 apatite (Table S3). Parent material samples
contained no quartz. On arid sites (1 and 2), amorphous minerals were
the dominant fraction, though primary minerals were present in smaller
concentrations. On the subhumid sites (3 and 4), remaining primary
mineral concentrations were even lower, or primary minerals dis-
appeared completely, while soil organic matter concentrations in-
creased (> 100 g organic matter kg−1). Soils at subhumid sites were
enriched in phosphates, but the dominant crystalline phosphate mineral
according to XRD was crandallite (CaAl3(PO4)2(OH)5·H2O), rather than
apatite (Table S3). On the humid sites (5 and 6), soil organic matter and
amorphous or poorly-crystalline minerals dominated. On these sites, no
crystalline P minerals were detectable by XRD. Quartz concentrations
increased continuously along the rainfall gradient from 12 g kg−1 in the
A horizon of the most arid site (site 1), to 92 g kg−1 in the A horizon of
the most humid site (site 6, Table S3), with a similar pattern in the B
horizon.
Fig. S1a shows the P K-edge bulk-XANES spectra of the Hawaiian
soils (A and B horizon). In comparison to P reference spectra (Fig. S2),
Ca-P was detected in the soils from arid sites (1A, 1B, 2A and 2B) by
bulk P K-edge XANES spectroscopy. Since we saw a clear apatite signal
with XRD, the Ca-P in sites 1A, 1B, 2A, and 2B is likely to be largely
associated with apatite. Furthermore, the characteristic form of the
XANES spectra of 3A, 3B, 4B shows aluminum-associated phosphate
species (Giguet-Covex et al., 2013). The humid sites (5, 6) show mainly
organic and/or adsorbed P. Furthermore, a pre-edge feature of iron-
associated P (Fe-P) was detected in the P K-edge XANES spectrum of 5A.
However, Fe-P in soil tends to be underestimated by P K-edge XANES
(Prietzel and Klysubun, 2018). P L2,3-edge XANES spectroscopy was
also applied, but distinct spectral features were not readily apparent
(Fig. S2b, methods and results in SI). In comparison to P L2,3-edge
XANES reference spectra (Fig. S3), spectra from sites 3A and 4B may
indicate an Al-P, while spectra from 5A and 5B may indicate P adsorbed
to Fe compounds (Xiong et al., 2012).
3.2. Micro-XRF mapping and P K-edge micro-XANES spectroscopy
Micro-XRF mapping revealed that Al associated P was relatively
homogeneously distributed at the micro-scale, whereas Ca-P was
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located in P “hotspots,” areas with significantly higher P concentration
(all results in Table 1). In sites 1 and 2, where apatite was a dominant P
form, the P hotspots spatially co-occurred with Ca hotspots. In the re-
maining sites, P was more homogeneously distributed, with only a few
P hotspots. However, smaller isolated P hotspots were also found in
surface soils (A horizon) from the most humid sites 5 and 6, and these
also co-occurred with Ca (Fig. 2b and S4). The Ca and P hotspots in sites
5 and 6 had diameters ranging between 5 and 30 µm. However, no
similar P hotspots were found in subsurface (B horizon) soil samples
from sites 5 and 6.
P K-edge micro-XANES spectra obtained in combination with the
micro-XRF maps revealed that spectra from low P-concentration areas
in all samples were characteristic of Al-associated P or organic/ad-
sorbed P, while spectra from the hotspots had characteristic Ca-P fea-
tures (Fig. 2). The micro-XANES spectra thus explained the spatial co-
occurrence of Ca and P at the micro-scale observed via micro-XRF
mapping. Ca-P features were also observed in the above-described P
hotspots in sites 5 and 6, where all primary minerals have weathered
away, and no apatite was expected (Figs. S4–S6). While in drier sites
1–4, Ca-P spots were more common in the B horizon, in site 5 and 6 Ca-
P spectra were only found in the A horizon (Table 1). On its own,
XANES spectroscopy did not allow differentiation between apatite and
other Ca-P forms due to similarities between features in Ca-P reference
spectra (Fig. S2).
3.3. Micro-Raman spectroscopy
Micro-Raman spectroscopy identified apatite in the arid sites 1 and
2 (see Fig. 3 bottom left, and Table 1), corroborating the XRD and
XANES analyses. The observed Raman peak at 965 cm−1 overlapped
with that of apatite reference spectra from the RRUFF database (Sup-
plementary Fig. S7). In these sites, micro-Raman spectra also indicated
forsterite and anatase, but no quartz. At the most humid site, in the
surface horizon (site 6A), on the other hand, micro-Raman spectroscopy
revealed an abundance of quartz crystals, corroborating the XRD results
and indicative of the expected dust deposition gradient. A Raman band
of apatite was also detected at site 6A, though the apatite signal was
much weaker than in arid sites (Fig. 3, bottom right). The detection of
apatite at site 6A complemented the micro-XANES analyses, which had
found Ca-P, but were not conclusive regarding the type of Ca-P mineral.
3.4. Dust backward trajectories
To explore the origin of continental dust delivered to Hawaii, dust
particle (r = 4 µm) backward trajectories were calculated (Fig. 4).
Because the maximum height of dust during sand storms in the source
regions is 5 – 6 km (Tsamalis et al., 2013), only trajectories which
originated from dust source regions and from pressure levels > 500 hPa
(height below 5500 m) were shown in Fig. 4. In addition, trajectories
Fig. 1. Minerals in the parent material (a), A horizon soil samples (b-d), and B horizon soil samples (e-g), as determined by XRD. In the parent material (a), and the A
and B horizon of soils in sites 1 and 2 (b, e), the dominant phosphate mineral was apatite. In the A and B horizon of soils in sites 3 and 4 (c and f) the dominant
phosphate mineral was crandallite. See also supplementary Table S3. Scale in g kg−1.
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Fig. 2. XRF map of P, Ca and Al (left
bottom; 0.7 µm step; color scale is arbitrary;
white bar is 10 µm), P map with selected
points of interest for micro-XANES (left top;
red = high concentration, blue = low
concentration), and micro-XANES spectra
(right, vertical lines show features of same
compound) of the soil sample 6A, analyzed
at ID21 beamline, ESRF. The Ca-P grain
shown on the map is approximately
5 × 10 μm2. (For interpretation of the re-
ferences to color in this figure legend, the
reader is referred to the web version of this
article.)
Fig. 3. Raman images (bottom) and corresponding spectra of compounds (top) from the soils 2A and 6A. Apatite and anatase particles were observed in both soils,
while forsterite was observed in soil from site 2A, and quartz was observed in soil from site 6A.
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which encountered liquid clouds with a liquid water content > 50
mg kg−1 were excluded. Calculated trajectories showed that dust from
known dust source areas in Central Asia and Northern Africa regularly
reaches the Hawaiian archipelago (Fig. 4a). The calculations show dust
particles that start at a height below 5500 m (pressure > 500 hPa) in
the selected dust regions (red boxes) and end at approximately 3000 m
height (700 hPa) above Hawaii may be delivered from the atmosphere
to the Kohala peninsula by rain (see Porder et al., 2007 for more in-
formation regarding the dust rain-out effect on Kohala). The fraction of
trajectories arriving in Hawaii from dust sources in the Sahara, Western
China, and Central Asia is highest in Northern Hemisphere winter/
spring (December-May) of each year. In April, over 10% of air mass
trajectories arriving in Hawaii stem from these dust source centers and
meet the requirements for dust transport (Fig. 4b). Furthermore, though
farthest away (but biggest by area), dust trajectories originating from
the Sahara are more common than from Asian dust centers. These
patterns were relatively stable for the ten-year calculation period
(2008–2017) (Fig. 4c).
4. Discussion
A broad ensemble of non-invasive spectroscopic techniques was
used to measure P speciation along a climatic gradient on Hawaii,
providing insights on the impact of dust deposition on soil P speciation.
In particular, micro-Raman spectroscopy, which has rarely been used to
study P species in soil, here allowed more robust conclusions about
dust-derived, collocated quartz and apatite P in Kohala soils (Table 1).
In general, we observed the expected change from apatite to organic P
and adsorbed inorganic P, and some secondary Al-P and Fe-P minerals
with increasing rainfall (Helfenstein et al., 2018; Prietzel et al., 2013).
Micro-spectroscopic methods also revealed apatite in surface soils of the
most humid sites (soil 5A: Fig. S4; soil 6A: Figs. 2,3, S5, S6), which are
devoid of minerals from parent material; quartz and apatite in these
soils are therefore likely to be deposited as dust. However, while quartz,
which is absent in Hawaiian basalt, is a well-known indicator of
transcontinental dust transport, apatite grains could result both from
local or transcontinental dust sources.
While trends in apatite in sites 1–4 can be explained by the gradual
weathering of parent material (Chadwick et al., 2003; Ziegler et al.,
2003), the small apatite grains found in surface soils of the most humid
sites 5 and 6 represent an altogether different process, with an alto-
gether different source. Because of the high amount of rainfall at these
locations, remnants of apatite from the parent material are very un-
likely in the topsoil. X-ray diffraction analyses of the soil mineralogy
indicated that in soils at the most humid sites, amorphous or poorly-
crystalline secondary minerals and dust-derived minerals are dominant,
rather than primary minerals (Fig. 1 and Table S3). The low soil pH of
these humid sites (pH < 5.5) and the low Ca and P concentrations
preclude re-precipitation of apatite-like minerals (Vitousek and
Chadwick, 2013). Furthermore, apatite was only found in the surface
soil (A horizon), but not the subsurface (B horizon) of these soils. By
analyzing peat layers in a German bog, it was shown that calcite and
apatite could only be identified in the top layers, which are youngest,
while quartz was found at all depths because it is much more resistant
Fig. 4. a) Backwards trajectories of dust particles with radius of 4 µm, starting from Hawaii at 700 hPa (approx. 3000 m) level. Only trajectories were shown, which
originated from the desert regions (marked by the red boxes) with P > 500 hPa (below 5500 m) and did not encounter liquid clouds (liquid water content <
50 ppm) before reaching Hawaii; b) The fraction of particle trajectories of r = 4 µm originated from deserts regions with P > 500 hPa and did not encounter liquid
clouds for the year 2007; For reference, the fraction of all trajectories which originated from deserts regions with P > 500 hPa were also shown by the unfilled bars;
c) The fraction of particle (r = 4 µm) trajectories which originated from deserts regions and did not encounter liquid clouds before reaching Hawaii at 700 hPa level
of the years 2007–2017. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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to weathering (Le Roux et al., 2006). Thus, it might be possible that
quartz in our samples remains in the B horizon while apatite does not
remain in subsoil horizons because it dissolves readily. However, bio-
turbation of the soils by soil fauna (e.g. worms) is also possible, re-
sulting in mixing of the surface and subsurface soil. It is possible that
apatite grains were also present in the B horizon, but highly dispersed
and therefore not captured by the area of soil mapped in our experi-
ment (Adediran et al., 2020).
One possible origin of aeolian apatite inputs might be the nearby
active volcanos. The Kilauea volcano on the island of Hawaii (approx.
100 km from the study sites on the Kohala peninsula) has been active
since 1983, erupting almost continuously since that time. The eruption
of the Kilauea volcano is effusive rather than explosive, leading to a
steady lava flow out of the volcano, without the production of much
dust. However, small explosions may send magma particles into the
atmosphere, including long strings of supercooled Hawaiian basalt lava
(called Pele’s hair), which may travel considerable distances by wind
due to their high surface area (Katsura, 1967). Additionally, the aerosol
plume from the Kilauea volcano contains several pollutants and nu-
trients (including apatite), with deposition rates > 50 times higher than
background rates (MacDonald, 1949; Sansone et al., 2002). However,
like the parent material at the Kohala study site, material from the
active volcano is basaltic and does not contain quartz. Although the
apatite particles observed in this study could come from the Kilauea
volcano, the prevailing winds carry most of the tephra and gases in a
southerly direction, away from Kohala.
Alternatively, the observed apatite grains may be blown over from
sugar cane growing areas on the northeastern Hawaii coast, where
various kinds of phosphates were applied as fertilizer. However, the
sugar cane industry has all but disappeared from the island since the
1980s (Melrose et al., 2015).
Meanwhile, there is abundant evidence that intercontinental tro-
pospheric dust transport can deliver quartz and other minerals to
Kohala. Many researchers have documented continental dust fall in the
North Pacific from shipboard measurements (Betzer et al., 1988) and
deep-sea cores (Blank et al., 1985; Nakai et al., 1993; Rea, 1994). Deep-
sea cores show that the mass accumulation rate of dust decreases from
1000 mg cm2 kyr−1 near the Japanese coast to < 50 mg cm2 kyr−1
around Hawaii (Rea, 1994). Considerable amounts of dust still make it
to the Hawaiian Islands, as has been shown by soil and isotopic analyses
(Chadwick et al., 1999; Jackson et al., 1971; Rex et al., 1969). Tropo-
spheric transport of dust to Hawaii is indicated by the backward tra-
jectories of dust particles calculated in this study. While earlier work
assumed that dust arrives from central Asia (Chadwick et al., 1999;
Merrill et al., 1989; Pye and Zhou, 1989), the dust trajectories reported
herein suggest that dust on Hawaii may also be sourced from the Sa-
hara, the Middle East, or other Northern hemisphere locations.
Over 10% of air masses arriving in Hawaii in April originate from a
height below 5500 m in the dust source areas of the Sahara, central
Asia, or Western China (Fig. 4). In order for dust to reach Hawaii, it
must reach a height of 5500 m in the starting region; dust can only
reach these heights during sandstorms. Sandstorms in the Sahara Desert
and Asian deserts are mostly between April and September and March
to May, respectively (Wiacek et al., 2010). Thus, there is an overlap
between favorable conditions for tropospheric dust generation and
transport to Hawaii in March through May.
While large particles fall out faster and are thus less likely to be
transported across the Pacific, even the largest apatite dust particles
observed here (~30 µm) could originate from tropospheric transport.
The observed apatite dust particles ranged in diameter between 5 and
30 µm. Other investigators have estimated that around 70% of dust-
derived quartz in Hawaiian soils is in the range of 2–10 µm in diameter
(Jackson et al., 1971). However, the transport of considerably larger
dust particles (> 75 µm) from the continents to the North Pacific is also
well-documented (Betzer et al., 1988; van der Does et al., 2018). Hence
even the largest apatite-like particle observed in this work, with a
diameter of ~30 µm, is within the range of those that may have ori-
ginated from tropospheric transport, though the mechanisms of tropo-
spheric transport of such large particles are still unclear (van der Does
et al., 2018), and could thus not be modeled via the backward trajec-
tory approach used herein.
Globally, dust loading tends to occur in dry areas such as the deserts
of Central Asia or the Sahara (Okin et al., 2004; Rea, 1994). In these dry
areas, soil pH tends to be high (Slessarev et al., 2016), and P is mostly in
the form of apatite (Yang et al., 2013). As a consequence, P in dust from
these regions is also mostly in the form of apatite (Bristow et al., 2010;
Gross et al., 2016; Gu et al., 2019; Lu et al., 2006; Stockdale et al., 2016;
Swap et al., 1992). It is therefore likely that apatite particles in the
humid sites of the Kohala peninsula are signs of intercontinental dust
transport. While micro-XANES and micro-Raman spectroscopy cannot
provide quantitative information on soil P forms, apatite is unlikely to
account for more than a few percent of total P in these soils, otherwise
apatite-like spectral features would be apparent in the bulk P K-edge
XANES spectra. A rough estimate of the amount of dust-derived apatite
present in these soils can be made by estimating annual P dust input,
combined with an estimate of the rate of apatite dissolution.
Using rare earth elements, long-term (over millennia) aerosol P
fluxes to Kohala have been approximated at around 0.9 mg P m−2 yr−1
(Chadwick et al., 1999; Kurtz et al., 2001; Porder et al., 2007). How-
ever, in recent decades, global atmospheric P loading has been much
higher due to combustion of fossil fuels, mining, agriculture, and land
use change (Wang et al., 2015). Recently, atmospheric P deposition
measured with dust traps averaged 30 mg P m−2 yr−1 in Oceania
(Tipping et al., 2014). About 90% of P in dust is apatite (Stockdale
et al., 2016), giving an annual input of 27 mg P m−2 yr−1 as apatite.
Apatite dissolution is dependent on temperature, pH, solution satura-
tion state, apatite composition, and apatite surface area (Guidry and
Mackenzie, 2003). While temperature and pH are known for Kohala
soils, solution saturation state, apatite composition, and its surface area
are not, and likely very different in the in situ soil environment, as
compared to laboratory conditions. Also, the abundance of organic
acids may inhibit dissolution, leading to much slower apatite dissolu-
tion in organic matter-rich soils (Le Roux et al., 2006). Due to these
uncertainties, the rate of apatite dissolution for dust-derived apatite
grains in Kohala soils cannot be determined theoretically, but should be
based on observational data. In a peat bog in Germany, dust-derived
apatite was found to persist to a depth of 8 cm, which 210Pb and 14C
based age-depth modeling showed to be 50–100 years old (Le Roux
et al., 2006). Similarly, by studying dust inputs along a chronose-
quence, it was estimated that dust-derived apatite grains endured up to
200 years in wet, low pH soils in New Zealand (Eger et al., 2013), under
cooler temperatures than on the island of Hawaii. The persistence of
apatite reported in these previous studies is instructive regarding the
dissolution of dust-derived apatite in humid, acidic soils, but previous
studies did not report detection limits of apatite, so it is not clear what
fraction of apatite remaining (P(t)/P0) corresponds with the reported
timeframes. Assuming a first-order decrease of apatite, and considering
possible combinations of the reported persistence times, and con-
sidering reasonable values for fractions of apatite remaining to fall
below detection limits (0.01, 0.1, and 0.2), we can approximate a range
of apatite dissolution rates with a simple, explorative model (see SI for
details).
Given the annual apatite input as dust (up to 27 mg m−2 yr−1), and
a range of potential apatite dissolution rates
(0.008–0.092 mg m−2 yr−1), dust-derived apatite stocks are likely on
the order of 10 – 100 mg P kg−1 soil for the most humid Kohala site,
site 6 (see SI for details). The upper estimates of the amount of dust-
derived apatite are similar to the HCl-extractable P pool in sequential
extractions for the wettest site (125 mg P kg−1, according to
Helfenstein et al., 2018). However, while the HCl-P pool is often con-
sidered to extract P from apatite, in these soils the HCl-P pool also
contains secondary P minerals (Helfenstein et al., 2018). Sequential
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extraction by itself is therefore not a robust indicator for apatite (Gu
et al., 2020; Helfenstein et al., 2020; Tamburini et al., 2012), be it from
parent material or dust-derived sources. For example, the HCl-P pool is
larger in the B horizon of site 6 (847 mg P kg−1), than in the A horizon
(125 mg P kg−1). However, here it is likely fully composed of secondary
P minerals, as we found no apatite grains in the B soil horizon.
5. Conclusion
Apatite is generally perceived to occur as a remnant of parent ma-
terial in relatively unweathered soils. However, in the present study,
analysis of P speciation along a rainfall and dust-deposition gradient
revealed the presence of dust-derived apatite grains in the highly
weathered soils from a humid climatic regime. Dust-derived apatite was
observed by micro-XRF mapping coupled with P K-edge micro-XANES
spectroscopy, as well as micro-Raman spectroscopic analysis.
Furthermore, apatite grains were found in a soil layer also containing
quartz grains, another indicator of continental dust. Though it was not
possible to pinpoint the origin of individual apatite grains, and some
may also be of local origin (e.g. from volcanoes), theoretical calcula-
tions based on annual apatite input via dust and apatite dissolution
suggest that dust-derived apatite may constitute 10–100 mg P kg−1 soil
in surface soil horizons.
The analyses reported in this work add further evidence that dust P
inputs, which are largely as apatite, may take decades to dissolve even
under acidic soil conditions in a humid climate. Additionally, the pre-
sence of dust-derived apatite in relatively isolated Hawaiian soils sug-
gests that dust-derived apatite may also be present in other highly-
weathered soils, previously thought to be apatite-free. While aeolian
apatite inputs are comparatively negligible for younger soils very rich
in P, for low-P soils such as those found in most lowland tropical
rainforests, dust-derived P inputs of a similar magnitude would be an
important component of P dynamics, helping to support ecological
productivity. And since Hawaii is not a very dusty place by global
standards, one might expect other soils, closer to dust source areas, to
have larger dust-derived apatite inputs. The application of micro-
spectroscopic techniques, especially a combination of micro-XANES and
micro-Raman spectroscopy, was instrumental here in identifying dust-
derived quartz and apatite minerals, and similar techniques could be
applied in other highly-weathered soils. With further evidence of dust-
derived apatite grains, it may be necessary to reconsider our under-
standing of the presence and role of apatite in highly-weathered soils.
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